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Liquid infused surfaces with partially wetting lubricants have recently been exploited for numerous
intriguing applications, such as for droplet manipulation, droplet collection and spontaneous motion.
When partially wetting lubricants are used, the pinning force is a key factor that can strongly
affect droplet mobility. Here, we derive an analytical prediction for contact angle hysteresis in
the limit where the meniscus size is much smaller than the droplet, and numerically study how
it is controlled by the solid fraction, the lubricant wetting angles, and the various fluid surface
tensions. We further relate the contact angle hysteresis and the pinning force experienced by a
droplet on a liquid infused surface, and our predictions for the critical sliding angles are consistent
with existing experimental observations. Finally, we discuss why a droplet on a liquid infused surface
with partially wetting lubricants typically experiences stronger pinning compared to a droplet on a
classical superhydrophobic surface.
I. INTRODUCTION
Since their inception [1–3], liquid infused surfaces (LIS)
have been prized for their anti-adhesive nature, which
results in properties such as the high mobility of liquid
droplets and anti-fouling. These properties are highly
desirable in a broad range of applications, from marine
and medical coatings [4, 5], to non-stick packaging [6],
and digital microfluidics [7].
LIS are formed by impregnating a rough, porous or
textured surface with a lubricating liquid, which is im-
miscible to the mobile liquid phase introduced to LIS.
The lubricant also needs to preferentially wet the solid
compared to the mobile liquid phase [3]. This lubricant
layer imbues LIS with significant advantages over super-
hydrophobic surfaces, such as pressure stability [2] and
self healing [8].
High mobility of a liquid droplet is particularly ob-
tained when the lubricant completely wets the surface
texture, as pinning of the droplet on the surface is
negated by the intervening lubricant layer. However,
the dependency on a fully wetting lubricant often limits
the implementation of LIS, both due to the difficulty of
finding the suitable lubricant for the desired applications
[3, 9], and due to the possibility of lubricant depletion
[10–14].
On the other hand, LIS with partially wetting lubri-
cant have increasingly attracted interest, especially with
a number of external stimuli shown to allow reversible
change of wetting states from slippery to sticky (see for
example the recent review [15]). Such surfaces have sub-
stantially expanded functionality compared to the purely
slippery surfaces, with the ability to locally change a
droplets’ mobility leading to the demonstration of fog
capture even in high winds [16], to introduce bidirectional
motion under texture gradients [17], and recently the un-
precedented manipulation of both droplets and colloids
[18].
It is important therefore to understand pinning from
two perspectives: as a problem to be minimised, or as
a functional phenomenon to be controlled. However, to
the best of our knowledge, the quantitative relationship
of the pinning force to both the surface roughness and
fluid properties has never been systematically studied on
LIS.
In this contribution, we study the pinning force and
contact angle hysteresis (CAH) of a droplet on LIS. We
begin by developing an analytical model for CAH based
on averaged Cassie-Baxter surface properties. For sim-
plicity, we limit our study to the case where the menis-
cus size is significantly smaller than the droplet size. We
then observe both advancing and receding contact angles
using computer simulations, showing that the simulated
CAH closely matches the analytical results. We, there-
fore, are able to accurately quantify the hysteresis based
on the surface roughness, and the set of fluid-solid and
fluid-fluid surface tensions. Further, we derive the to-
tal pinning force and demonstrate that our prediction is
consistent with experimental observations.
We find, similar to droplets on solid surfaces, that there
is a competition between two factors which control the
pinning force on LIS, (i) the droplet base perimeter and
(ii) the cosine difference between the receding and the
advancing angles. Our theory suggests that this compe-
tition minimises pinning when the apparent contact angle
approaches θapp → 0○ or θapp → 180○, but maximises it
at an intermediate value of the apparent contact angle,
θapp ≃ 65.5○. Since most reported values of the apparent
contact angle on LIS are moderate (θapp ∼ 80−100○), this
means a small but non-zero CAH can lead to a significant
critical sliding angle for droplets on LIS.
II. METHODS
In this work, we are interested in static wetting config-
urations, rather than the dynamics of LIS system. The
static configurations can be obtained by minimising the
total free energy. A typical LIS system consists of three
fluid phases (droplet, lubricant and gas phases) and a
textured solid. To simulate such systems, we need a
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2free energy model which can describe (i) the existence
of the three fluid phases and their respective interfacial
tensions, and (ii) fluid-solid interactions, which in turn
determines the contact angles of the fluids on the solid
surface.
To do this, we employ a diffuse interface approach in
which the total free energy is constructed as
Ψ = ∫
V
Ψfluid dV + ∫
S
Ψsurface dS. (1)
The fluid free energy is given by [19]
Ψfluid = 3∑
m=1
κm
2
C2m(1 −Cm)2 + a2κm2 (∇Cm)2. (2)
The Cm’s are the order parameters which represent the
co-existence of three bulk fluid phases in the simulation
space. The interfacial tensions between fluid m and n are
controlled by the κm parameters and the interface width
a via
γmn = a (κm + κn) /6. (3)
For concreteness, we have chosen phases m = 1,2, and 3
to be the droplet (d), gas (g) and lubricant (l) phases
respectively.
The surface free energy is given by [20]
Ψsurface = 2∑
m=1−6γ3m cos θ3m (12Cm∣2s − 13Cm∣3s) . (4)
Here, Cm∣s is the value of Cm at the surface. We also
chose to control the solid-fluid interaction using the pa-
rameters θ31 and θ32, corresponding to the lubricant-
droplet and lubricant-gas contact angles, θld and θlg,
respectively. For thermodynamic consistency, the third
contact angle, i.e. the droplet-gas contact angle, is pre-
scribed once the other two contact angles are determined,
following
γgl cos θgl + γld cos θld + γdg cos θdg = 0. (5)
This is often known as the Good-Girifalco relation [21].
In this work, the total free energy of the system is
minimised using the L-BFGS algorithm [22], following
the numerical scheme discussed in Refs. [23, 24]. The
L-BFGS algorithm is chosen due to its efficiency for min-
imisation problems with a large number of degrees of
freedom, though in principle other minimisation routines
may also be employed.
III. RESULTS AND DISCUSSIONS
A. Derivation of Pinning Force and CAH
The pinning force per unit length for a droplet on a dry
(not lubricated) textured solid surface is given by [25]
fdry = γdg∆ cos θ, (6)
FIG. 1. Droplet on LIS under influence of an external force Fext.
The resisting force due to contact line pinning, Fpin, is pointing
in the opposite direction. We have also shown the surface tension
forces acting on the inner and outer contact lines.
where γdg is the surface tension of the droplet with the
gas phase and ∆ cos θ = (cos θR − cos θA) is the difference
in the cosine of the receding θR and the advancing θA
contact angles for the droplet-gas-solid contact line.
Compared to other surfaces, the distinguishing feature
of LIS is the presence of the lubricant meniscus. As such,
the droplet-gas-solid contact line is not present. Instead,
we have to consider the compound effect of droplet-gas-
lubricant, droplet-lubricant-solid and lubricant-gas-solid
contact lines, as illustrated in Fig. 1. Semprebon et al.
have derived an expression for the CAH on LIS using geo-
metrical analysis of the meniscus [26]. Here, we will show
that the CAH can also be derived employing a simpler
argument based on force balance.
Let us consider a droplet on LIS under the influence
of an external force Fext, as shown in Fig. 1. Here,
γeffsm denotes the effective interfacial tension of LIS with
the fluid phase m, with m = d, g, l. The subscript s, d, g
and l are to indicate the solid, droplet, gas and lubricant
phases respectively. LIS can be considered as a composite
surface where ϕs fraction of the surface is solid surface
and the remaining (1 − ϕs) is the lubricant surface [27].
The effective interfacial tension of the fluid phase phase
m with the composite surface can then be written as
γeffsm = ϕsγsm + (1 − ϕs)γlm. (7)
The pinning force per unit length for a droplet on LIS
fLIS can be calculated from the sum of the effective in-
terfacial tensions of this composite surface at the outer
and the inner contact lines, as indicated in Fig.1. Hence,
fLIS is written as
fLIS =([γeffsg − γeffsl ]R + [γeffsl − γeffsg ]A)
outer
+
([γeffsl − γeffsd ]R + [γeffsd − γeffsl ]A)
inner
. (8)
The superscripts A and R indicate the advancing and the
receding menisci.
Generally, the terms for the outer and inner contact
lines cannot simply be added together since they are to
be integrated over different lengths (i.e. the inner and
3FIG. 2. Simulations of the depinning mechanism using quasi 3D setups for (a) the advancing lubricant-gas and (b) the receding
lubricant-droplet interfaces. The top contact angle β can be tuned to find θdepin
lg
and θdepin
ld
. (c) The typical evolution of the contact line
when β is increased. For β < βmax (purple and blue lines), the contact line is pinned. At β = βmax (cyan, green, orange and red lines),
the contact line slides on top of the post. The measurement of βmax for different ϕs and its comparison with Eq. (12) are presented in
panel (d). Here, we have used θld = θlg = 60○.
the outer droplet base perimeters). However, in the limit
where the meniscus size is small compared to the droplet,
the outer and the inner droplet base perimeters can be
taken to be approximately the same [26, 28]. In this
approximation, we can introduce the effective lubricant
wetting angles as
cos θefflg = γeffsg − γeffslγlg , cos θeffld = γ
eff
sd − γeffsl
γld
, (9)
such that Eq. (8) can be written into
fLIS = ( [γlg cos θefflg − γld cos θeffld ]R
− [γlg cos θefflg − γld cos θeffld ]A ). (10)
The advantage of this expression is that it allows us to
easily distinguish the contributions from the advancing
and receding menisci. Alternatively, Eq. (10) can be
further simplified to
fLIS = γlg (cos θeff,Rlg − cos θeff,Alg ) − γld (cos θeff,Rld − cos θeff,Ald )= γlg∆ cos θefflg − γld∆ cos θeffld . (11)
1. Depinning Mechanisms
Numerous simulation studies have been conducted to
investigate the effective contact angles when a droplet is
about to move on a dry textured surface [24, 29]. In such
cases, we typically consider two contact line depinning
mechanisms, corresponding to the advancing and reced-
ing contact lines of the droplet-gas interfaces. In con-
trast, for LIS, we must consider how both the lubricant-
droplet and lubricant-gas interfaces advance and recede.
For an advancing contact line on a dry textured sur-
face, the front part of the droplet typically advances by
bridging to the front subsequent post. For LIS, such a
contact line depinning mechanism is also observed for
the lubricant-droplet interface at the advancing menis-
cus as well as the lubricant-gas interface at the receding
meniscus [30]. Therefore, the effective contact angle for
both interfaces are zero when they depin, [θefflg ]R = 0 and[θeffld ]A = 0.
There are various mechanisms for the receding contact
line to depin from the post, which depend on the post ge-
ometry [24]. For LIS, this is relevant for understanding
the lubricant-droplet interface at the receding meniscus
and the lubricant-gas interface at the advancing menis-
cus. Here we will focus on a square array of rectangular
posts, and we can use our numerical approach to de-
termine the relevant depinning mechanism. To do this,
we start by simplifying the system studied and isolate
the advancing lubricant-gas and the receding lubricant-
droplet interfaces, as shown in Fig. 2(a-b). To reduce the
computational cost, we concentrate our numerical study
in the region close to the contact line. We have used a
quasi 3D setup where only a single row of posts are ex-
plicitly simulated at the bottom surface, a smooth wall
is used for the top surface, and periodic boundary condi-
tion is applied in the direction perpendicular to the row of
posts. Two fluid phases are then introduced in each half
of the simulation domain, and the two phases have equal
pressure such that their interface is flat. The top con-
tact angle β can be controlled to measure the depinning
angles. This is performed by varying β and recording its
critical angle, βmax, for the stability of the corresponding
interfaces. Simple geometry then dictates that βmax is
the critical depinning angle for [θefflg ]A and [θeffld ]R.
The typical development of a receding interface is
shown in Fig. 2(c) upon varying β. The interface is
initially stable and pinned at the corner of the rectangu-
lar post (purple line). Increasing β deforms the interface
(blue line) until we eventually reach βmax (cyan line).
Here the interface detaches from the corner and the con-
tact line slides on top of the post (see green, orange and
red lines), while maintaining a constant contact angle at
the top plate. For this depinning mechanism, the critical
angle is given by βmax = θCBlm , where θCBlm is the Cassie-
4Baxter contact angle [27, 31] of the composite surface:
cosβmax = cos θCBlm = ϕs cos θlm + (1 − ϕs), (12)
and m = d, g. For the quasi 3D setup, where the contact
lines of the lubricant-gas and the lubricant-droplet inter-
faces are along the y-direction (see Fig. 2), the relevant
solid fraction is taken to be the line average, instead of
the surface average [24]. Hence, we define the solid frac-
tion as ϕs = Wy/Ly, where Wy and Ly are the width
and periodicity of the posts in the y-direction. As an
illustrative example, Fig. 2(d) shows the measured βmax
for different ϕs and Young’s angles θld = θlg = 60○. We
consistently find this depinning mechanism to be at play
for the surface textures considered in this work (square
arrays of rectangular posts). Similarly good agreement
between numerical results and the prediction in Eq. (12)
is also obtained for other Young’s contact angles.
2. The Advancing and the Receding Angles
Following the previous subsection, the depinning an-
gles for the advancing lubricant-gas and the receding
lubricant-droplet interfaces are given by
cos θdepinld = ϕs cos θld + (1 − ϕs), (13)
cos θdepinlg = ϕs cos θlg + (1 − ϕs). (14)
Substituting Eqs. (13) and (14), as well as [θefflg ]R =[θeffld ]A = 0, into Eq. (10), we obtain the full expression
of the pinning force per unit length for a droplet on LIS:
fLIS = [γlg − γld (ϕs cos θld + (1 − ϕs))]R −[γlg (ϕs cos θlg + (1 − ϕs)) − γld]A , (15)
or alternatively,
fLIS = ϕs [γlg(1 − cos θlg) + γld(1 − cos θld)] . (16)
One important observation from Eq. (15) or Eq. (16)
is that the magnitude of the pinning force does not ac-
tually depend on the droplet-gas surface tension, γdg,
which distinguishes the case of pinning on LIS to pin-
ning on other solid surfaces. Additionally, Eq. (16) high-
lights that there is no pinning for the complete lubricant
wetting case (θlg = θld = 0○). Nonetheless, to allow com-
parisons with other solid surfaces, it is useful to write
Eq. (15) in the following form
fLIS = γdg∆ cos θ, (17)
where ∆ cos θ = cos θR − cos θA, and the receding and the
advancing contact angles are respectively defined as
cos θR = γlg
γdg
− γld
γdg
(ϕs cos θld + (1 − ϕs)), (18)
cos θA = γlg
γdg
(ϕs cos θlg + (1 − ϕs)) − γld
γdg
. (19)
These receding and the advancing contact angles are in-
terpreted as the apparent contact angles at the front and
rear of the lubricant meniscus as a liquid droplet de-
pins on LIS (see Fig. 1). Here, we also define CAH
as ∆θ = θA − θR.
It is worth noting that, in this work, we have focussed
on the case where the lubricant does not encapsulate the
droplet. When the lubricant encapsulates the droplet,
the effective droplet-gas surface tension becomes γeffdg =
γlg + γld [32].
B. The Effect of Changing Fluid and Solid
Properties
Eqs. (18) and (19) suggest the advancing and re-
ceding angles are controlled by the surface tensions
(γdg, γlg, γld), the lubricant wetting angles (θlg, θld), and
the fraction of solid ϕs. In this subsection we will system-
atically test the validity and accuracy of Eqs. (18) and
(19) for predicting the advancing and receding angles.
To do this, rather than simulating the whole droplet
(top panel of Fig. 3(a)), we will focus on the re-
gion around the lubricant meniscus (lower panel of Fig.
3(a)). In this simulation setup, the three fluid phases are
present; and as in the setup in Fig. 2, the movement of
the meniscus is controlled by the contact angle at the top
plate, β. The maximum angle βmax for which the menis-
cus remains stable corresponds to the advancing angle
θA; while the minimum angle βmin is the receding angle
θR.
We first investigate the role of meniscus size on the
advancing and receding angles. The meniscus size can be
controlled by tuning the volume of the lubricant phase.
Here, we parameterise the meniscus size M˜ by taking the
ratio of the cross sectional area of the lubricant meniscus
to the unit cell of the post. The unit cell of the post
is defined as the product between the centre-to-centre
distance between neighbouring posts and the height of
the posts. Furthermore, we set the pressure in the droplet
and gas phases to be equal, such that we are always in
the vanishing meniscus regime [26] where the radius of
the curvature of the lubricant meniscus is much smaller
compared to the radius of curvature for the droplet-gas
interface. From Fig. 3(b) we can see that the advancing
and the receding angles are independent of the meniscus
size in this limit.
The effect of the lubricant wetting angles, θlg and θld,
are presented in panels (c) and (d) of Fig. 3. In panel
(c), we observe that θlg only affects the advancing an-
gle but not the receding angle. This is because θlg con-
trols the depinning angle of the lubricant-gas interface
when the droplet is advancing. When the droplet is re-
ceding, the lubricant-gas interface moves by bridging the
neighbouring post, which is independent from θlg. Sim-
ilarly, the bridging mechanism occurs for the lubricant-
droplet interface during the advancing motion. As such,
θld does not affect the advancing angle, as shown in
5FIG. 3. (a) Simulation setup for the advancing and the receding angles. To reduce computational costs, we focus on simulating the
region around the lubricant meniscus. By varying β, we are able to investigate when the meniscus advances or recedes. The parameters
studied are (b) the meniscus size, (c) the lubricant-gas wetting angle, (d) the lubricant-droplet wetting angle, (e) the solid fraction, and
the ratios of (f) lubricant-gas and (g) lubricant-droplet surface tensions with the droplet-gas surface tension. In (b-g), the red and blue
lines are theoretical predictions for θA and θR given in Eqs. (18) and (19) respectively. The default values of the parameters are
θlg = 60○; θld = 60○; ϕs = 0.5; and γlg/γdg = γld/γdg = 0.69.
FIG. 4. (a) The effect of γdg on θ
A and θR. The red and blue lines are the theoretical predictions for θA and θR as given in Eqs. (18)
and (19) respectively. (b) The pinning force per unit length for a droplet on LIS is independent of γdg .
panel (d). In contrast, during the receding process, the
lubricant-droplet interface moves by depinning from the
post. Hence, the receding angle is affected by θld.
The influence of the solid fraction ϕs is shown in panel
(e) of Fig. 3. Here, we vary ϕs =Wy/Ly by changing the
post width in the direction perpendicular to the row of
post (Wy). It is intuitive to foresee that ∆θ increases with
ϕs. More specifically, this is because θ
A increases while
θR decreases with ϕs. This finding is aligned with the
experimental results in Ref. [3]. In their work, although
θA and θR were not measured directly, they showed that
the pinning force that acts on a droplet on LIS can be
reduced by employing surfaces with smaller ϕs [3].
Next, the effect of the lubricant interfacial tensions is
demonstrated in Fig. 3(f) and (g). Interestingly, increas-
ing γlg decreases both the advancing and the receding
angles, while for γld, the effect is reversed. This is due
to the fact that increasing γlg generally makes a droplet
on LIS to be more hydrophilic-like, while increasing γld
makes it more hydrophobic-like, and thus the change of
the contact angles follow accordingly [33, 34].
Finally, we have argued in Eq. (15) and Eq. (16) that
the pinning force of a droplet on LIS does not depend
on the droplet-gas interfacial tension γdg. Indeed, while
the magnitudes of the advancing and receding angles are
influenced by γdg, see Fig. 4(a), the pinning force per
unit length is constant regardless of γdg, as shown in Fig.
4(b).
By studying each independent variable systematically,
we have therefore demonstrated that Eqs. (18) and (19)
are an excellent model to describe the advancing and re-
ceding angles, as well as the contact angle hysteresis. All
simulation results are in excellent agreement with this
model.
C. The Relationship between CAH, Sliding Angle
and
6FIG. 5. A sketch for the derivation of the pinning force of a
droplet on LIS.
Pinning Force
One common practice to determine the CAH is to
measure the advancing and the receding angles when a
droplet is sliding as the substrate is inclined [35]. The
droplet starts to slide when the external body force is
larger than the pinning force that holds the droplet on
the surface. The sliding angle α is related to the external
body force via a simple relation
Fext = ρVdropg sinα. (20)
Here, ρ and Vdrop are the density and volume of the
droplet, while g is the gravitational acceleration.
To obtain the total pinning force, we need to integrate
the pinning force per unit length over the base perime-
ter of the droplet contact area with the solid. Consider
the geometry illustrated in Fig. 5, where again we focus
on the vanishing meniscus limit. The pinning force per
unit length is given by γdg∆ cos θ; however, to balance
the external force, we only need the vector component
in the opposite direction of Fext. Denoting φ as the az-
imuthal angle around the droplet, this corresponds to
γdg∆ cos θ sinφ. Assuming that the droplet base is circu-
lar, the total pinning force is then
Fpin = ∫ pi
0
γdg∆ cos θ sinφRddφ = 2Rdγdg∆ cos θ, (21)
where Rd is the droplet base radius. When Vdrop is
known, Rd is linked to the droplet apparent contact angle
θapp via
Rd = ( (12/pi)Vdrop
8 − 9 cos θapp + cos(3θapp))
1/3
sin θapp, (22)
and the pinning force can be rewritten as
Fpin = 2 sin θappγdg∆ cos θ ( (12/pi)Vdrop
8 − 9 cos θapp + cos(3θapp))
1/3
.
(23)
We can now balance the external body force Eq. (20)
with the pinning force Eq. (21) to obtain the theoretical
prediction of the sliding angle α, which is given by
α = sin−1 (2γdgRd∆ cos θ
ρVdropg
) . (24)
Using Eq. (24), we can compare our theoretical pre-
diction against available experimental results. For this
purpose, we use the experimental data reported in Ref.
[3] for water droplet on BMIm (an ionic liquid) infused
surface. The comparisons are given in Table I. The pre-
dicted sliding angles are consistent with the experimental
values αe.
TABLE I. Comparisons between the experimental data from Ref.
[3] and the theoretical predictions using Eq. (24) for the sliding
angles of droplets on LIS.
ϕs ∆θ (○) α (○) αe (○) ∣α − αe∣ (○)
0.25 8 28 30 2
0.33 11 37 45 8
0.44 14 53 60 7
From Table I we find that, on LIS, a relatively low
CAH (∆θ) can still lead to a significant critical sliding
angle α. This is different compared to superhydrophobic
surfaces where α usually has the same magnitude as ∆θ.
It also suggests we should be cautious when using ∆θ
to characterise the mobility (and more generally, liquid
repellency) of a liquid droplet on LIS.
To explain why a droplet on LIS may suffer from a
large pinning force, let us now consider two key aspects
in which the contact angle of a droplet can affect the pin-
ning force in Eq. (21), namely through the droplet base
perimeterR and the difference in the cosine of the contact
angle ∆ cos θ. First, for LIS, the apparent contact angle
θapp is relatively low such that the droplet base perime-
ter is large, in direct contrast to the large contact angle
and small base perimeter for drops on classical superhy-
drophobic surfaces. This large droplet base perimeter can
potentially magnify the pinning force, since Fpin ∝ R.
Second, the ∆ cos θ term has an implicit dependence on
the contact angle. Even for the same value of ∆θ, ∆ cos θ
is greater when θapp ≈ 90○ than when θapp ≈ 180○ or
θapp ≈ 0○. Therefore, droplets on LIS are prone to large
pinning forces when ∆θ is large since most LIS systems
reported in the literature have θapp ≈ 90○.
It is useful to express the pinning force in a non-
dimensionalised form, given by
F˜pin = Fpin
γdg 3
√
Vdrop
, (25)
F˜pin ≃ 3¿ÁÁÀ (12/pi)(2 sin2 θapp∆θ)3
8 − 9 cos θapp + cos(3θapp) (26)
for small ∆θ. This non-dimensionalised form of the pin-
ning force depends only on ∆θ and θapp, which respec-
tively represent the CAH and the shape of the droplet.
It is worth noting that Eq. (26) is generally valid for any
surface, not just for LIS.
The effects of ∆θ and θapp on the pinning force are
visualised in Fig. 6. Interestingly, we find that the
7FIG. 6. Visualisation of the effects of CAH and the droplet shape
on the pinning force. The inset shows the non-dimensionalised
droplet base radius Rd/ 3√Vdrop and ∆ cos θ against θapp.
pinning force reaches its maximum at θapp = 65.5○, re-
gardless of ∆θ. Therefore, for LIS, it is advisable to
avoid the droplet-lubricant combinations which result in
θapp ≈ 65.5○. The ∆ cos θ itself reaches its maximum at
θapp = 90○ for any given value of ∆θ, as shown as the
red plot in the inset of Fig. 6. This is an indication
that ∆ cos θ is not the only factor that controls the pin-
ning force. The shift in the maximum of F˜pin to the
lower θapp is due to the contribution from the droplet
base perimeter. As shown in the inset (black plot), the
non-dimensionalised droplet base radius Rd/(Vdrop)1/3 is
larger for smaller θapp.
Consistent with our theory, Fig. 6 also rationalises
why pinning force is small for superhydrophobic surfaces.
This is because both ∆ cos θ and Rd/(Vdrop)1/3 go to zero
as θ → 180○.
IV. CONCLUSIONS
In this work, we have considered the contact angle
hysteresis and pinning force of a droplet on LIS in the
limit of the vanishing meniscus case. We have derived
the expressions for the advancing and receding angles as
well as the pinning force using a force balance argument,
including how they depend on the liquid interfacial ten-
sions, the lubricant wetting angles, and the solid fraction.
Each dependency was systematically tested and verified
using numerical simulations based on a diffuse interface
approach. We also found that the pinning force does not
depend on the droplet-gas interfacial tension.
We have also derived an analytical expression for the
critical droplet sliding angle, and the predictions from our
theory are consistent with experimental data reported by
Smith et al. [3]. Furthermore, using this theory, we as-
sess why liquid droplets on LIS suffer from larger pinning
forces compared to superhydrophobic surfaces, even for
the same ∆θ. We conclude this is due to two factors:
both the droplet base perimeter and the magnitude of
∆ cos θ are typically larger in LIS due to the lower (ap-
parent) contact angle.
This study helps us to carefully design LIS by provid-
ing insights into how each relevant parameter influences
the pinning force. Although the example shown here is
for the rectangular posts, similar derivations of the pin-
ning force, as well as the advancing and the receding an-
gles, can also be done for different surface geometries by
following the same approach. Interestingly, the deriva-
tions rely on the depinning mechanism of each lubricant
interface, which is just a binary fluid case. This shows an
example where the complexity of ternary fluids systems
can be broken down into their constituting binary fluids
problems. It would be therefore interesting for future re-
search to test our theory for more complex geometries, in
particular for regimes where the Cassie-Baxter approxi-
mation is known to break down for contact angle hystere-
sis on superhydrophobic surfaces [36–38]. Furthermore,
we hope our theory will motivate systematic experimen-
tal verifications, harnessing recent advances in surface
fabrication techniques for LIS.
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